We present the results of M31 globular cluster (GC) X-ray source survey, based on the data of XMMNewton and Chandra observations covering ∼ 6100 arcmin 2 of M31. We detected 43 X-ray sources coincident with globular cluster candidates from various optical surveys.
The inferred isotropic X-ray luminosities of GC sources lie between ∼ 10 35 and ∼ 10 39 erg s −1 in the 0.3 − 10 keV energy band. The spectral properties of 31 brightest sources from our sample were found to be similar to that of the low mass X-ray binaries located in the bulge and globular clusters of the Milky Way Galaxy. The spectral distribution of M31 GC X-ray sources is consistent with that derived for the bulge of M31 and other nearby galaxies of different morphological type. Several sources demonstrate a correlation between the level of X-ray flux and hardness of their energy spectrum reminiscent of the Galactic Z and atoll sources.
We found that ∼ 80% of the M31 GC sources with multiple flux measurements available show significant variability on a time scales from days to years. The X-ray source RX J0043.2+4127, coincident with GC Bo 163, has been found to show recurrent transient outbursts with peak luminosities of ∼ 10 38 ergs s −1 . Several sources in our sample show significant variability on a time scale of individual observations, ranging from aperiodic fluctuations to regular dipping.
The X-ray luminosity function of GC sources is found to be significantly different from that of the point sources in the bulge and disk of M31. The luminosity distribution of M31 GC sources has ∼ 10 times higher peak luminosity and much higher fraction of bright sources than the Milky Way GC distribution. Six persistent sources in our sample (or ∼ 14% of the total number) have luminosities exceeding 10 38 ergs s −1 during all observations, and three other sources occasionally exceed that luminosity level. Our observations indicate that GC sources make dominant contribution to the bright source counts in the areas of M31 covered by the survey: ∼ 40% of the total number of sources with luminosities above 10 37 ergs s −1 reside in GCs with fraction of GC sources rising to 67 − 90% for the luminosities above 10 38 ergs s −1 . The contribution of the GC sources to the total number of bright sources found in M31 is much higher than in the Milky Way galaxy, but surprisingly close to the early-type galaxies. We found that brightest M31 GC sources tend to reside at large galactocentric distances outside the central bulge.
We found that globular clusters hosting bright X-ray sources are optically brighter and more metal rich than the rest of M31 globular clusters, in agreement with previous studies. The brightest sources with luminosities above ∼ 10 38 ergs s −1 show tendency to reside in more metal poor clusters. The remarkable similarities between the properties of the M31 GC X-ray sources and that of the Galactic neutron star LMXBs allow us expect most of the persistent M31 GC X-ray sources to be LMXB systems with neutron star primaries. However, the current X-ray spectral and timing data can not rule out the possibility of finding an active accreting black holes in our GC source sample.
INTRODUCTION
Globular clusters (GCs) provide us with crucial information on galaxy structure and formation mechanisms. They are also ideal laboratories for studying stellar populations and evolution of dense stellar systems. X-ray surveys revealed a number of bright X-ray sources associated with Milky Way (MW) GCs and identified with low-mass Xray binaries (LMXBs) (Hertz & Grindlay 1983 , Verbunt et al. 1995 . The ratio of LMXBs to stellar mass is two orders of magnitude higher for GCs than for the rest of our Galaxy (Liu et al. 2001 ). This overabundance of LMXB has been explained by dynamical effects such as tidal capture and three/four body interactions in the high stellar density environment (Clark 1975 , Fabian, Pringle & Rees 1975 . The number of known Galactic GCs hosting bright X-ray sources (L X > 10 36 ergs s −1 ) is pretty small: there are fourteen such systems (Liu et al. 2001) . The presence of Type I X-ray bursts indicates that all luminous GC sources contain accreting neutron stars rather than black holes. With the advent of the modern X-ray observatories, it has become possible to study the X-ray properties of GCs associated with the nearby galaxies (Angelini, Loewenstein & Mushotzky 2001; Di Stefano et al. 2002; Kundu, Maccarone, & Zepf 2002) . Based on a large number of objects, the extragalactic GC X-ray sources allow a broad range of statistical population studies, impossible with a limited sample of Galactic GC X-ray sources.
The Andromeda Galaxy (M31), the closest giant spiral galaxy to our own, is a unique object for the study of optical and X-ray astronomy. Its proximity and favorable orientation allow to observe stellar populations over the full extent of the galaxy at a nearly uniform distance, and with less severe effects of line-of-sight contamination from interstellar gas and dust. Due to similarities between the two galaxies, the results from the study of M31 provide an important benchmark for comparison with the results from the study of our own Milky Way Galaxy. The Andromeda Galaxy possesses a significantly more populous globular cluster system than the Milky Way with more than 430 confirmed candidate members (Barmby et al. 2000) . Optical studies of the Milky Way and M31 globular cluster systems have revealed that these two populations exhibit some remarkable similarities (van den Bergh 2000) .
M31 was observed extensively with Einstein, ROSAT, Chandra and XMM missions, detected hundreds of sources, with bright GC X-ray sources among them (Trinchieri & Fabbiano 1991; Primini et al. 1993; Supper et al. 1997; Shirey et al. 2001) . Twenty-one X-ray sources discovered with Einstein were tentatively identified with GCs. Based on these early results, it has been noted that the luminosities of the M31 GC sources are higher than any observed for Galactic GCs (Long & van Speybroek 1983) , and that the fraction of M31 GCs with X-ray sources might be larger than the fraction in the Milky Way (Battistini et al. 1987) . Observations of the central bulge of M31 with ROSAT/HRI detected 18 GC X-ray sources and placed upper limits on the X-ray flux from 32 other globular clusters (Primini et al. 1993 ). Primini, Forman & Jones (1993) found that the luminosity distribution of M31 GC sources contains a larger population of high luminosity sources than that of the Milky Way GC X-ray sources, although the peak luminosities of the two distributions were roughly comparable. The ROSAT/PSPC survey covering most of M31 revealed 31 X-ray sources coincident with M31 GC candidates (Supper et al. 1997 (Supper et al. , 2001 ). Based on this larger sample, Supper et al. (1997 Supper et al. ( , 2001 ) concluded that there is no significant difference between the luminosity distributions of the M31 GC X-ray sources and their Galactic counterparts. Recent Chandra observations covering central bulge of and two regions in the northern and southern disk revealed 28 GC X-ray sources with 15 of them newly discovered (Di Stefano et al. 2002) . Approximately ∼ 30% of all GC sources detected in Chandra observations have 0.5 − 7 keV luminosities above 10 37 ergs s −1 and ∼ 10% of all the sources have luminosities of 10 38 ergs s −1 and higher. Both the peak X-ray luminosity and relative fraction of the bright sources with L X > 10 37 ergs s −1 were found to be significantly higher for the Chandra GC source sample than for the GC sources in our Galaxy (Di Stefano et al. 2002) in contrast to the earlier ROSAT results (Supper et al. 1997 (Supper et al. , 2001 ). The limited sensitivity of Chandra observations allowed to study spectral properties and variability of only five most luminous sources found to be consistent with properties of the Galactic sources.
We present the results of M31 globular cluster (GC) Xray source survey, based on the data of XMM-Newton and Chandra observations covering ∼ 6100 arcmin 2 of the Andromeda galaxy (M31). The unique combination of the unprecedented sensitivity of XMM-Newton and superior spatial resolution of Chandra observations allows accurate localization and detailed study of spectral and timing properties of the GC X-ray sources in both central regions of M31 and at large galactocentric distances. We concentrate on the analysis of spectral properties and variability of individual bright sources and study a group properties of all GC X-ray sources detected in our survey. We study the relation between the properties of the X-ray sources and that of the globular clusters hosting them. Finally, the properties of M31 GC X-ray sources are compared to the properties of low-mass X-ray binaries LMXB in M31, Milky Way and other galaxies of different morphological types.
OBSERVATIONS AND DATA ANALYSIS
In the following analysis we used the data of 10 XMMNewton observations of various M31 fields (Table 1; Fig.  1 ). All XMM-Newton observations described in this paper were performed as a part of the Performance Verification and Guaranteed Time Programs (Shirey et al. 2001 , Trudolyubov et al. 2002a , Trudolyubov et al. 2002b . Four XMM observations cover the central bulge of M31, fiveits northern and southern disk regions, and one -a distant M31 globular cluster G1 (Mayall II) field. In the following analysis we use the data of three European Photon Imaging Camera (EPIC) instruments: two EPIC MOS detectors (Turner et al. 2001 ) and EPIC-pn detector (Strueder et al. 2001) . During all observations EPIC instruments were operated in the full window mode (30 ′ FOV) with medium or thin optical blocking filter.
We reduced EPIC data with the XMM-Newton Science Analysis System (SAS v 5.3) 4 . We performed standard screening of the EPIC data to exclude time intervals with high background levels. Images in the celestial coordinates with a pixel size of 2 ′′ have been accumulated in the 0.3 − 7.0 keV energy band for the EPIC-MOS1, MOS2 and pn detectors. To generate lightcurves and spectra of X-ray sources, we used elliptical extraction regions with semi-axes size of ∼ 20 − 80 ′′ (depending on the distance of the source from the telescope axis) and subtracted as background the spectrum of adjacent source-free regions with subsequent normalization by a ratio of the detector areas. We corrected the count rates of the sources for the vignetting of the XMM telescope, based on the Current Calibration Files.We used data in the 0.3 − 10 keV energy band because of the uncertainties in the calibration of the EPIC instruments outside this range. All fluxes and luminosities derived from spectral analysis apply to this band, unless specified otherwise. We used spectral response matrices generated by XMM SAS tasks. The EPIC count rates were converted into energy fluxes in the 0.3 − 10 keV energy band using analytical fits to the spectra for brighter sources or PIMMS 5 , assuming standard parameters: an absorbed simple power law model with N H = 7 × 10 20 cm −2 and photon index α = 1.7 (Shirey et al. 2001 ).
We analyzed a series of publicly available Chandra data for M31 fields containing optically identified GC candidates consisting of 36 observations with the Advanced CCD Imaging Spectrometer (ACIS) and 3 High Resolution Camera (HRC) observations (Table 2; Fig. 1) . A more detailed description of these observations can be found in Garcia et al. (2000) , DiStefano et al. (2002) , Kong et al. (2002) and Kaaret et al. (2002) .
The data of Chandra observations was processed using the CIAO v3.0 6 threads. We performed standard screening of the Chandra data to exclude time intervals with high background levels. Images in the celestial coordinates with a pixel size of 1 ′′ have been accumulated in the 0.3 − 7.0 keV energy band for source detection procedure. Only data in the 0.3 − 7.0 and 0.5 − 7.0 keV energy ranges was used in the spectral analysis of ACIS-S and ACIS-I observations. To estimate energy fluxes and spectra, we extracted counts within source elliptical region with semiaxes of 3 ′′ −40 ′′ (depending on the source distance from the telescope axis). Background counts were extracted from the adjacent source-free regions with subsequent normalization by ratio of detector areas. To account for the continuous degradation in the effective low-energy quantum efficiency of the ACIS detectors 7 , we performed correction of the spectral response files applying ACISABS model to the ARF files. For a few brightest GC sources pileup fraction in their ACIS spectra is estimated to be at the level of ∼ 10 − 30%. In some cases, to correct for a pileup effect in the ACIS spectra, we extracted source spectrum from the PSF wings, where the source count rate is low enough that pileup effect can be ignored. We also used Sherpa 8 implementation of the pileup model by Davis (2001 Davis ( ,2003 . The ACIS count rates were converted into energy fluxes in the 0.3 − 10 keV energy band using analytical fits to the spectra for brighter sources or using PIMMS with spectral parameters derived from more sensitive observations or standard parameters otherwise. For the HRC count rates the source fluxes were estimated with PIMMS, based on the observed count rates and spectral parameters measured with XMM/EPIC and Chandra/ACIS.
For both XMM-Newton and Chandra data, X-ray sources were detected with the program based on the wavelet decomposition algorithm, set at a 4σ threshold. For our current analysis of XMM-Newton observations, we expect error in the source position determination to be dominated by residual systematic error of the order 1 − 3 ′′ . We performed a spectral and timing study of the brightest X-ray sources with total number of counts larger than 300. Spectra were grouped to contain a minimum of 20 counts per spectral bin and fit to analytical models using the XSPEC v.11 9 fitting package (Arnaud 1996) . EPICpn, MOS1 and MOS2 data were fitted simultaneously, but with independent normalizations.
We studied timing properties of all bright X-ray sources detected in our observations. Fourier power density spectra (PDS) were produced using the lightcurves in the 0.3 − 7.0 keV energy band. Then we performed folding analysis in the vicinity of the frequency peaks identified from PDS. We used standard XANADU/XRONOS v.5 10 tasks to perform analysis of the timing properties of bright X-ray sources.
In the following analysis we assume a source distance of 760 kpc (van den Bergh 2000).
M31 GC X-RAY SOURCES: IDENTIFICATION.
The positions of 43 X-ray sources detected in the XMMNewton and Chandra observations of M31 are consistent with globular cluster candidates from optical surveys. We used the following catalogs for identifying GC X-ray source candidates: the Bologna catalog (Battistini et al. 1987) , the catalog by Magnier (1993) , and the HST globular cluster candidate catalog (Barmby & Huchra 2001 ) -with search radius of 3 ′′ . The expect that ∼ 4 of our GC X-ray candidates could be spurious matches. The information on the properties of the X-ray sources and their optical identifications is shown in Table 3 .
The X-ray images of M31 with GC X-ray source positions circled are shown in Fig. 2 and 3 . The X-ray image shown in Fig. 2 was constructed combining the data of the XMM-Newton/EPIC-MOS1, MOS2 and pn cameras in the 0.3 − 7.0 keV energy band. The X-ray image shown in Fig. 3 combines the data of Chandra/ACIS and HRC detectors.
NOTE ON THE EFFECT OF MULTIPLE UNRESOLVED X-RAY SOURCES
Recent Chandra observation of the Galactic globular cluster M15 has shown two distinct luminous X-ray sources separated by less than 3 ′′ (White & Angelini 2001) . The spatial resolution of both Chandra (∼ 0.5 ′′ ) and XMM (∼ 10 ′′ ) is not sufficient to resolve most of possible multiple X-ray sources within one cluster in M31. Therefore, some of the M31 GC X-ray sources from our sample can be unresolved composites of separate sources (Angelini, Loewenstein & Mushotzky 2001; Di Stefano et al. 2002) . It should thus be noted, that the spectral blending and superposition of variability of individual sources may complicate direct comparisons with Galactic globular cluster sources.
SPECTRAL PROPERTIES OF THE M31 GLOBULAR CLUSTER X-RAY SOURCES
Twenty seven and twenty three sources detected with XMM-Newton and Chandra have a sufficient number of counts to allow crude or detailed spectral modeling. Combining the above two samples gives us a high-quality information on the spectral properties of 31 bright GC X-ray sources. The representative spectra of bright GC sources obtained with XMM-Newton/EPIC and Chandra/ACIS are shown in Fig. 4 .
The spectra of globular cluster candidates were fitted with a variety of spectral models using XSPEC v11. We first considered simple one-component spectral model: an absorbed simple power law. The results of fitting this model to the source spectra are given in Tables 4 and 5 . The spectra of all these objects can be generally described by an absorbed simple power law model with photon index of ∼ 0.8 − 2.8 and an equivalent absorbing column of ∼ (0.4 − 7.5) × 10 21 cm −2 ( In most cases, we obtained acceptable fits using a power law spectral model (Table 4 ,5). However, for almost all brighter sources, a complex spectral models are required. For several sources with high luminosities (sources ##22, 26, 32, 42, 43 in Table 3 ), the models with quasiexponential cut-off at ∼ 2 − 8 keV or two-component models describe the energy spectra significantly better than a simple power law. To approximate the spectra of these sources, we used an absorbed power law model with exponential cut-off (XSPEC CUTOFFPL model), a Comptonization model and a two-component models.
For the Comptonization model approximation, we used the XSPEC model COMPTT (Sunyaev & Titarchuk 1980 , Titarchuk 1994 , Titarchuk & Lyubarskij 1995 . This model includes self-consistent calculation of the spectrum produced by the Comptonization of the soft photons in a hot plasma. It contains as free parameters the temperature of the Comptonizing electrons, kT e , the plasma optical depth with respect to the electron scattering, τ and the temperature of the input Wien soft photon distribution, kT 0 . A spherical geometry was assumed for the Comptonizing region.
A cut-off power law and a Comptonization models gave reasonably good fit to the spectra of all sources considered, and the results are shown in Table 6 . The model parameters derived for the M31 GC X-ray sources resemble those observed for bright Galactic low mass X-ray binaries (White, Stella & Parmar 1988; Christian & Swank 1997; Church & Balucinska-Church 2001) .
The spectra of many luminous Galactic LMXB are well fit with a two-component model consisting of a soft black body-like component which might represent emission from an optically thick accretion disk or from the neutron star surface, together with hard component which may be interpreted as emission from a corona-like structure or a boundary layer between the disk and a neutron star (White, Stella & Parmar 1988; Christian & Swank 1997; Sidoli et al. 2001) . We used such two-component models to approximate spectra of the three brightest globular cluster sources showing spectral cut-off (sources ##22, 42, 43). and 32)
For the soft component we used multicolor diskblackbody (XSPEC DISKBB) (Mitsuda et al. 1984 ) and a black body (XSPEC BBODYRAD) models. DISKBB model has two parameters, the effective radius, r in √ cosi, where r in is the inner radius of the disk, i is the inclination angle of the disk and kT in is the maximum color temperature of the disk. Although this model does not take into account the effects of electron scattering and uses simplified temperature profile in the accretion disk (Shakura & Sunyaev 1973) , it has been found to give an adequate qualitative description to the spectra of accreting X-ray binaries (Mitsuda et al. 1984; White, Stella & Parmar 1988; Christian & Swank 1997 ). The BBODYRAD model has two parameters, the effective radius, r BB and color temperature, kT BB .
The hard spectral component can be adequately described by various phenomenological and physical models involving a break in the slope of the spectrum or quasiexponential spectral cut-off at higher energies. For the sake of easier comparison with the results for the Galactic LMXB (White, Stella & Parmar 1988; Christian & Swank 1997; Church & Balucinska-Church 2001) , we use a simple black body BBODYRAD (in combination with DISKBB as a soft component) and a simple power law (in combination with BBODYRAD as a soft component) to approximate hard component in the spectra of brightest GC sources in our sample. The results of two-component approximation of the spectra of GC X-ray sources are shown in Table 7 .
The two-component models give a good fit to the spectra of the high-luminosity GC X-ray sources in our sample. The characteristic temperature of the soft spectral component ranges from 0.5 to 1.2 keV, and the average contribution of the soft spectral component to the total source luminosity is ∼ 30%. Interestingly, even in the case of brightest M31 GC sources with total isotropic luminosities exceeding Eddington limit for the 1.4M ⊙ neutron star, the absorption-corrected luminosity of the soft spectral component never significantly exceeds that limit. In conclusion, the two-component approximation of the spectra of bright M31 GC sources gives spectral parameters consistent with high luminosity LMXBs hosting a neutron star (White, Stella & Parmar 1988; Christian & Swank 1997; Church & Balucinska-Church 2001) .
Spectral distribution of GC X-ray sources
In order to characterize the overall spectral properties of the bright GC X-ray sources, we constructed a distribution of their spectral indices in the 0.3 − 7.0 keV energy range using the model fits to both XMM-Newton and Chandra data with an absorbed simple power law (Fig. 5) . For the sources with multiple spectral measurements, we used average values of the photon index. The main part of the distribution including 29 sources out of 31 spans a range of photon indices between ∼ 1.4 and ∼ 2.2, and has a clearly defined maximum at α ∼ 1.6 (Fig. 5 ). Excluding two extremely hard X-ray sources, gives the corresponding weighted mean value of the photon index 1.65 ± 0.01. This distribution is reminiscent of the spectral distribution of the X-ray sources in the central bulge of M31 (Shirey et al. 2001) . The X-ray population of the central bulge of M31 is very likely to be dominated by bright LMXBs. Based on the similarity in the properties of M31 GC X-ray sources and their Galactic counterparts, we expect most of M31 GC X-ray sources to be LMXBs. Therefore the similarity between the spectral distributions of the central bulge of M31 and that of its GC X-ray sources is not surprising. Moreover, the peak of the M31 GC spectral index distribution coincides with the average value of the spectral photon index (α ∼ 1.6) derived for the LMXB populations in the nearby galaxies of different morphological type (Irwin, Athey & Bregman 2003) . The spectral photon indices of the M31 GC X-ray sources in our sample were found to lie in the range, observed for the Galactic GC sources, in agreement with previous studies (Di Stefano et al. 2002) .
Hardness-luminosity diagram of GC X-ray sources
We studied the relation between the hardness of the spectrum and luminosity of GC X-ray sources in our sample. In Fig. 6 the hardness of the spectrum of GC X-ray sources expressed in terms of spectral photon index is shown as a function of their X-ray luminosity in the 0.3 − 10 keV energy band. As it is clearly seen from Fig. 6 , there are three groups of sources, occupying distinct regions in the hardness-luminosity diagram. The first group represents majority of the brightest X-ray sources with luminosities above ∼ 4 × 10 37 ergs s −1 . The objects in this group have relatively narrow range of photon indices with average value of 1.55, suggesting common spectral formation mechanism at high luminosities. The second group comprised of fainter sources, shows greater variety of photon indices ranging from ∼ 1.4 to ∼ 2.3. Based on the wide range of X-ray luminosities, this group could represent a mix of LMXBs in both low and high luminosity states (White, Stella & Parmar 1988) . The third group consists of two objects with extremely hard spectra (α ∼ 0.6−0.8).
Both objects also have a more pronounced spectral cut-off than the rest of the GC sources (Table 6 ). In addition, one of the sources, the X-ray source #32 in the globular cluster Bo 158, shows regular X-ray dips, implying a system observed at high inclination angle (Trudolyubov et al. 2002b ). The hardness-luminosity diagram of GC X-ray sources in our sample appears to be consistent with that of the central bulge (Shirey et al. 2001 ).
Low energy absorption
The unprecedented sensitivity of XMM and Chandra observations allows a reliable measurement of low energy absorption toward brighter sources in M31. Using the results of spectral fitting, we have been able to estimate the value of equivalent hydrogen absorbing column, N H for 31 source in our sample. To make a homogeneous sample, we used the same simple spectral model to estimate N H for all sources (an absorbed power law model). It should be noted, that the amount of low-energy absorption derived from spectral fitting sometimes depends strongly on the type of continuum model used to approximate X-ray spectrum (Table 4 ,6). The simple power law approximation does not take into account possible presence of an additional soft X-ray component leading to the underestimation of the absorbing column. The choice of a particular model for the soft X-ray component (i.e. black body vs. multicolor disk black body) or a hard spectral continuum (i.e. a Comptonization model vs. simple power law) introduces additional uncertainty in the value of N H .
Our analysis shows that for the large fraction of GC sources the derived value of N H is either in excess or consistent with Galactic hydrogen column N Gal H ∼ 7 × 10 20 cm −2 in the direction of M31 (Dickey & Lockman 1990 ). In the first case, it is natural to assume that additional absorption could be due to interstellar matter outside our Galaxy (i.e. in M31 and intergalactic medium) and/or within the X-ray binary itself. We compared the values of N H , derived from our spectral fits with values predicted using the optical observations. If there is no extra absorption within the X-ray binary itself, a close agreement between the absorbing column values derived from analysis of X-ray and optical data is expected (Sidoli et al. 2001) .
Using the results of optical observations of M31 globular clusters (Barmby et al. 2000; Huchra, Brodie & Kent 1991; Perrett et al. 2002) , we were able to estimate the values of optical extinction for 15 GC sources with measured X-ray low-energy absorption. The values of optical color excess, E B−V were converted to the equivalent hydrogen column densities, N opt H using the relation: N H /E B−V = 5.9 × 10 21 cm −2 mag −1 (Cox 2000) . In Fig. 7 (left panel) the values of the X-ray low-energy absorption, N X H are plotted against optically determined values, N opt H . The dotted line corresponds to equal X-ray and optically determined absorption. Taking the aforementioned systematic uncertainties in the derivation of X-ray absorption into account there is a general agreement between two absorption measurements (Fig. 7, left panel) . Based on the current observations it is impossible to confirm or rule out a possibility of additional absorption in some sources. More sensitive observations with wider bandpass (i.e. future Constellation-X) and physically justified detailed spectral modeling are needed to resolve this interesting presently open issue.
The distribution of the X-ray absorption could provide additional information on the geometry of M31 globular cluster system and help to map the structure of ISM inside M31. For example, the sources located behind or inside the disk of M31 should be in general more absorbed/reddened than sources seen in front of the disk. We constructed the distribution of absorption columns for 31 M31 GC sources (Fig. 7, right panel) . The distribution has a prominent peak centered at ∼ 1.2 × 10 21 cm −2 and a tail structure extending up to ∼ 6 × 10 21 cm −2 . In general, the observed N H distribution could be consistent with homogeneous quasi-spherical spatial distribution of GC sources with an additional absorption from the disk.
6. VARIABILITY
Long-term variability
We searched for the long-term flux variability of M31 GC sources in our sample combining the data of multiple Chandra and XMM-Newton observations. We found that more than 80% of sources with multiple flux measurements available show significant variability (Table 3 ). In Fig. 8 the long-term flux histories of ten M31 GC sources demonstrating the highest levels of variability are shown. These sources show both irregular and possible quasi-periodic patterns of X-ray variability with corresponding flux changes by more than a factor of 2 over a time scales of several days to years.
The persistent low luminosity GC X-ray sources with average luminosities below f ew × 10 37 ergs s −1 tend to be generally more variable than brighter ones. The corresponding ratio between the highest and the lowest flux levels observed with XMM and Chandra is between ∼ 3 and > 15 for low luminosity sources, while it is usually lower than ∼ 3 for the high luminosity sources.
The X-ray source associated with globular cluster Bo 107 shows a possible pattern of recurrent outbursts lasting for ∼ 50−100 days spaced by ∼ 100−200 day intervals. The source X-ray flux during the peak of the outburst can be at least ∼ 10 times higher than during the low luminosity periods. This type of variability is reminiscent of the Galactic LMXB like Aql X-1 (Priedhorsky & Terrell 1984) .
Di Stefano et al. (2002) proposed that the X-ray source in Bo 86 may have long-term periodicity on a time scale of ∼ 200 days (see also Kong et al. 2002) . Our data, though covering a longer period of time, does not allow us to confirm or completely rule out that kind of variability of Bo 86. More frequent observations would be needed to establish variability of the source.
We also searched for the long-term spectral variability of all bright M31 GC sources using the results of spectral analysis of XMM and Chandra data. Several sources demonstrate a correlation between the level of X-ray flux and hardness of their energy spectrum. The spectral fits for most of variable sources indicate that as the source flux increases, the spectrum becomes harder (Table 4) . Two characteristic examples of such behavior are shown in Fig. 10 (sources Bo 78 and Bo 148) . In this figure the hardness of X-ray spectrum expressed in terms of best-fit photon index is shown as a function of the source luminosity. The luminosity of the spectrally variable sources ranges from ∼ 10 36 to ∼ f ew × 10 38 ergs s −1 , falling into typical range of luminosities for both atoll and Z-source classes of Galactic LMXB (Hasinger & van der Klis 1989) . For brighter sources with luminosities around 10 38 ergs s −1 the observed spectral changes could be consistent with that of the Z-sources on the normal branch (Hasinger & van der Klis 1989 ).
Recurrent transient activity of Bo 163.
One of the sources, coincident with a globular cluster Bo 163 shows a recurrent transient-like variability. Our analysis of the archival Chandra data revealed the presence of a bright X-ray source CXO J004317.8+412745 with a position consistent with Bo 163 and previously detected ROSAT source RX J0043.2+4127 (Supper et al. 2001) during 2001 February 18 ACIS-S observation (Obs. ID #1582) (Fig. 9, upper panel) . The estimated X-ray luminosity of the source was ∼ 10 38 ergs s −1 in the 0.3 − 10 keV energy band (see source spectral parameters in Table  5 ). Other XMM-Newton and Chandra observations covering the position of Bo 163 did not yield positive source detection with 2σ upper limits on its luminosity ranging from ∼ 10 35 to ∼ 10 37 ergs s −1 (depending on the type of instrument and exposure time).
We analyzed the data of the earlier observations of Bo 163/RX J0043.2+4127 with ROSAT/PSPC and HRI detectors. The observed ROSAT source count rates were converted into the X-ray fluxes in the 0.3 − 10 keV energy band using WebPIMMS assuming an absorbed power law spectrum with N H = 7 × 10 20 cm −2 and α = 1.7. The resulting ROSAT light curve of RX J0043.2+4127 is shown in lower panel of Fig. 9 . The source clearly demonstrates a pattern of recurrent transient-like behavior with bright outbursts with L X > 10 38 ergs s −1 and an extended quiescent periods with L X < 10 36 ergs s −1 . The corresponding maximum ratio of the the highest outburst luminosity (L X ∼ 2 × 10 38 ergs s −1 ) to the lowest measured quiescent luminosity (L X < 10 35 ergs s −1 ) is > 2000. The overall X-ray properties of RX J0043.2+4127 are reminiscent of both Galactic neutron star and black hole recurrent transients like Cen X-4 (Kaluzienski, Holt & Swank 1980 , van Paradijs et al. 1987 ) and 4U1630-40 (Priedhorsky 1986 ). Unfortunately, current spectral and timing data does not allow us to determine the nature of the compact object in RX J0043.2+4127. Observations with higher sensitivity and timing resolution are needed to choose between neutron star and black hole interpretation.
6.3. Short-term variability.
The comparisons based on the broad-band spectral properties are not sufficient to establish a neutron star nature or rule out a black hole nature for the M31 globular cluster sources. On the other hand, the study of their short-term variability can provide a definitive answer, if Type I X-ray bursts or X-ray pulsations are observed. We searched for both types of variability in the M31 GC data. Unfortunately, the observed source count rates for most sources are too low to allow us to probe timescales shorter than ∼ 20 − 30 seconds. We did not find evidence of Xray pulsations and short X-ray bursts in the XMM-Newton and Chandra data.
Several GC sources demonstrate significant aperiodic variability on a time scale of individual observation. As an example of such behavior, the lightcurves of three GC sources are shown in Fig. 11 . All three sources (Bo 86, Bo 107 and Bo 135) show irregular changes of X-ray flux of up to ∼ 100% over a time scales of 1000 − 10000 s. These sources were also found to be variable on a time scales of months to years (Fig. 8) . The combination of such short and long term variabilities was long recognized as one of the characteristic features of X-ray binaries (Hasinger & van der Klis 1989) . In addition, the X-ray source coincident with M31 GC candidate Bo 158 shows a remarkable dip-like modulation with a a period of 10017 s (Trudolyubov et al. 2002b) .
The unprecedented sensitivity of XMM-Newton provides a unique opportunity to study spectral evolution of the brightest LMXB sources in M31 on a time scale of hundreds and thousands of seconds. To study short-term spectral variability of the bright GC sources, we constructed their X-ray hardness-intensity diagrams using the data of XMM-Newton observations. The X-ray hardness was defined as the ratio of the source intensities in the 2.0 − 7.0 keV and 0.3 − 2 keV energy bands with data integration times of 1000 − 3000 s depending on the source intensity. Several sources show a complex patterns of evolution on the hardness-intensity diagram somewhat reminiscent of the Galactic Z and atoll sources (Hasinger & van der Klis 1989) . In Fig. 12 , we show the hardness-intensity diagram of one of these sources, the X-ray source in globular cluster Bo 148. Although the data strongly suggest some pattern of spectral evolution, it is still insufficient to classify source behavior in conventional framework of Galactic LMXB. More high-sensitivity observations covering wider range of source luminosities are needed to address this issue.
"Dipping" X-ray source in Bo 158
The X-ray source J004314.1+410724 was discovered in M31 by the Einstein observatory (source #85 in Trinchieri & Fabbiano 1991) and was detected in subsequent observations with ROSAT (Primini et al. 1993 , Supper et al. 2001 , XMM-Newton (Trudolyubov et al. 2002b ) and Chandra (Di Stefano et al. 2002) . The position of the source is consistent with the optically identified globular cluster candidate Bo 158 (source #158 in Table IV of Battistini et al. 1987) . The observation of the central bulge of M31 with XMM-Newton taken 2002 Jan 6 revealed strong periodic dip-like modulation of the source flux (Trudolyubov et al. 2002b ; Fig. 13, upper panel) . The X-ray flux was modulated by ∼ 83% at a period of 2.78 hr (10017 s). The X-ray intensity dips show no energy dependence. The analysis of earlier archival XMM and ROSAT observations taken in the year 2000 and 1991 revealed weaker dips with amplitudes of ∼ 30% and ∼ 50%. The amplitude of the modulation has been found to be anticorrelated with source X-ray flux. A detailed description of the timing and spectral properties of Bo 158 are presented in Trudolyubov et al. 2002b .
We extended our original study of the X-ray modulation in Bo 158 combining the data of archival XMM and Chandra observations. Because of a relatively long period of modulation (∼ 10000 s), only one Chandra observation was selected for our analysis (Obs. #2017 with ACIS). For one XMM observation (Obs. #1), showing significant change of the source flux on a time scale of ∼ 5 hours, we divided the data into two segments corresponding to different luminosity levels. A sample light curves of Bo 158 obtained with XMM and Chandra are shown in the upper and middle panels of Fig. 13 . The modulation fraction (i.e. the ratio of the average modulation amplitude to the average source flux) was determined for each observation. The resulting dependence of the modulation fraction on the source flux is shown in the bottom panel of Fig.  13 . The relative amplitude of X-ray modulation declines dramatically (at least by factor of ∼ 10) as the source luminosity rises from ∼ 4.5 × 10 37 to ∼ 1.4 × 10 38 ergs s −1 . The observed correlation between the modulation fraction and X-ray flux of Bo 158 allows us to put constraint on possible number of bright X-ray sources presently active in this cluster. We conclude that one X-ray source must contribute up to 99% of the detected flux.
In addition to the short-term periodic variability, there is clear evidence for significant long-term variability of Bo 158. The long-term monitoring observations with Chandra and XMM-Newton (Fig. 8) show that the source is highly variable on a time scales of months to years. The X-ray luminosity Bo 158 changes at least by factor of ∼ 4, e.g. between ∼ 5 × 10 37 and ∼ 2 × 10 38 ergs s −1 .
LUMINOSITY DISTRIBUTION OF M31 GC X-RAY SOURCES.
We have built differential and cumulative luminosity distributions of M31 GC X-ray sources assuming a distance of 760 kpc (Fig. 14) . The luminosity distribution for the central bulge based on the results of XMM-Newton observations (Trudolyubov et al. 2002a ) is also shown in Fig. 14. Luminosities of the brighter sources (L X > 5 × 10 36 ergs s −1 ) were derived using analytical fits to their spectra in the 0.3 − 10 keV energy band. For faint sources, luminosities were derived using WebPIMMS, assuming an absorbed power law model with N H = 7 × 10 20 cm −2 (Dickey & Lockman 1990 ) and α = 1.7 (Shirey et al. 2001) in the same energy band. For sources with multiple flux measurements available, we used average flux to calculate the luminosity. Taking into account the sensitivity as a function of off-axis distance, different exposure times and the effect of diffuse X-ray emission near the center of M31, we estimate flux completeness limit of our samples as ∼ 10 36 ergs s −1 (indicated by dotted line in Fig. 14) . The shapes of both cumulative and differential luminosity distributions for M31 GC sources indicate the presence of a cut-off and can be described by a broken power law or a cut-off power law models. We fitted the cumulative luminosity distribution with two power laws at luminosities below and above 5 × 10 37 ergs s −1 . For source luminosities between 10 36 and 5 × 10 37 ergs s −1 , we obtain the slope of −0.3 ± 0.1 with normalization of 38 sources at 10 36 ergs s −1 , for higher luminosities, the integral slope is −1.2
(shown as dotted lines in Fig. 14) . We also fitted the unbinned differential luminosity with a power law with exponential cut-off:
The resulting values of α and the cut-off luminosity are 1.0 and 2.7 +4.3 −0.9 × 10 38 ergs s −1 respectively. There is some flattening of the cumulative distribution toward the faint luminosity end, probably caused by incompleteness of our sample.
As it is clearly seen from Fig. 14 , the integrated luminosity function of GC sources differs significantly from that of the other point sources in the central bulge of M31. The low luminosity part of the GC luminosity distribution is somewhat flatter than that of the central bulge of M31. The luminosity of the break in the slope of the luminosity function appears to be ∼ 2 − 3 times higher for GC sources (L . Qualitatively, the fraction of the bright sources (L X > f ew × 10 37 ergs s −1 ) is higher for the GC population than for the central bulge population. It is interesting to note that in spite of the aforementioned differences, the slopes of the high-luminosity parts of the luminosity distributions for the M31 GC and central bulge populations are very close to each other.
In addition, there is an obvious difference between the luminosity functions of GCs and X-ray sources in the disk of M31 (Trudolyubov et al. 2002a ). The luminosity distribution of the disk X-ray source population terminates at much lower luminosities (few ×10 37 ergs s −1 ) (Trudolyubov et al. 2002a ) than that of the M31 GCs (several × 10 38 ergs s −1 ). It is also interesting to compare the luminosity functions of the Galactic GC and M31 GC X-ray sources. These two functions have two main differences: i) the peak X-ray luminosity of the M31 GC X-ray sources is ∼ 10 times higher than that of the brightest Galactic GC X-ray source (Di Stefano et al. 2002) ; ii) the fraction of the bright sources is much higher for the M31 GC population than for the Galactic GC population; 13 sources or ∼ 30% of the total number of GC sources detected in our survey reached luminosity of 5 × 10 37 ergs s −1 , while only one Galactic GC source, X1820-303 (NGC 6624) has luminosity occasionally exceeding this level (Sidoli et al. 2001 ).
ON THE ROLE OF THE BRIGHT GC SOURCES IN THE X-RAY SOURCE POPULATION OF M31.
We found that ∼ 10% of the optically identified GC candidates in the regions of M31, covered by XMM-Newton and Chandra observations, harbor bright X-ray sources with luminosities above 10 35 ergs s −1 (43 X-ray sources were found among ∼ 400 GC candidates). This fraction is comparable to the observed for the Milky Way globular cluster system with 14 bright X-ray sources among known 150 globular clusters (Verbunt et al. 1995 , Sidoli et al. 2001 , Harris 1996 . In addition, the fraction of M31 GCs that contain X-ray sources with luminosities above ∼ 10 37 ergs s −1 (∼ 5%) appears to be consistent with that derived for a large sample of galaxies of various morphological types (Sarazin et al. 2003) .
Our observations clearly indicate that GC X-ray sources make dominant contribution to the bright (L X > f ew × 10 37 ergs s −1 ) source counts in the surveyed areas of M31. Six persistent globular cluster X-ray sources (sources ##2, 9, 22, 41, 42, 43) have absorbed luminosities in the 0.3 − 10 keV energy band exceeding 10 38 ergs s −1 ; three other persistent GC sources in our sample (sources ##31, 32, 37) occasionally exceed that luminosity level, i.e. at least six GC X-ray sources are brighter than 10 38 ergs s −1 at any given time. Apart from transient X-ray sources, we detected only one persistent non-GC source belonging to M31, having average luminosity in excess of 10 38 ergs s −1 , RX J0042.6+4115 (Barnard, Kolb & Osborne 2003) , and two other non-GC sources occasionally exceeding that luminosity level in the same regions. Therefore, from ∼ 67% to ∼ 90% of the sources brighter than 10 38 ergs s −1 observed in the surveyed area at any given time are associated with globular clusters. According to the results of our survey, about 20 sources or ∼ 40% of the total number of sources with luminosities above 10 37 ergs s −1 detected in XMM and Chandra observations of M31, reside in globular clusters.
We found that fraction of bright X-ray sources (L X > 10 37 ergs s −1 ), residing in globular clusters is significantly higher in M31 (∼ 40%) than in Milky Way Galaxy (∼ 5 − 10%) (Liu et al. 2001 ). It should be also noted, that no persistent GC sources with luminosities in excess of 10 38 ergs s −1 have been detected in our Galaxy so far, compared to six sources found in M31. On the other hand, the fraction of bright GC X-ray sources in M31 is surprisingly similar to the observed in early-type galaxies: i.e. NGC 1399 (Angelini, Loewenstein & Mushotzky 2001) and NGC 4472 (Kundu, Maccarone, & Zepf 2002) .
SPATIAL DISTRIBUTION AND LUMINOSITY OF M31 GC X-RAY SOURCES.
The spatial distribution of GC X-ray sources detected with XMM-Netwon and Chandra is shown in Fig. 15 . We have noticed that bright X-ray sources tend to reside at significantly larger galactocentric distances than the fainter sources. In fact, all GC X-ray sources with luminosities steadily exceeding 10 38 ergs s −1 (shown in Fig. 15 with large white circles) happen to have angular distances more than 15
′ from the center of the galaxy, or well outside the central bulge of M31, where the most of fainter GC X-ray sources are residing.
ON THE CORRELATION BETWEEN THE X-RAY AND OPTICAL PROPERTIES.
We used the results of optical observations of M31 GC candidates (Huchra, Brodie & Kent 1991; Barmby et al. 2000; Perrett et al. 2002) to study how the properties of the X-ray sources depend on the optical properties of the globular clusters hosting them.
We found that globular clusters hosting bright X-ray sources tend to be optically brighter than the rest of M31 globular clusters, in agreement with previous studies (Di Stefano et al. 2002) . To illustrate this effect, V-magnitude distribution of X-ray bright globular clusters from our sample is shown in Fig. 16(left panel) along with the distribution for the whole sample of GC candidates from Battistini et al. (1987) . Similar tendency for bright Xray sources to be associated with more optically luminous GCs has been also observed in several early-type galaxies (Sarazin et al. 2003) . Sarazin et al. (2003) shows that this tendency could be consistent with a constant probability of finding an LMXB per unit optical luminosity of the cluster.
Both Galactic and M31 globular clusters hosting bright LMXBs were found to be both denser and more metal-rich (Bellazzini et al. 1995) . We studied the effect of globular cluster metallicity, [Fe/H] on the properties of the M31 GC X-ray sources from our sample. For 31 GC X-ray sources the results of metallicity measurements are available (Huchra, Brodie & Kent 1991; Barmby et al. 2000; Perrett et al. 2002) . The metallicity distribution of the X-ray bright GC in our sample is shown in Fig. 16(right  panel) . The population of X-ray emitting GC yields a weighted mean < [Fe/H] > XR = −1.06 ± 0.02, significantly higher than < [Fe/H] > nXR = −1.37 ± 0.01 derived for the non-X-ray GC subsample from Perrett et al. (2002) , in agreement with results of previous studies (Bellazzini et al. 1995) . We used a Kolmogorov-Smirnov (KS) test to determine whether X-ray emitting GC and non-X-ray GC populations were drawn from the same distribution. The hypothesis that the two distributions are extracted from the same parent population can be rejected at the confidence level of ∼ 93%.
The dependence of the X-ray luminosity of M31 GC sources on the metallicity of their host globular clusters is shown in the left panel of Fig. 17 . The data points can be separated into two main groups corresponding to the source X-ray luminosities below and above ∼ 10 38 ergs s −1 . The first group (sources with X-ray luminosities below 10 38 ergs s −1 ) has weighted mean metallicity of −0.79 ± 0.04 and possibly demonstrates general tendency of the brighter sources to reside in the more metal rich clusters. This behavior could be consistent with possible correlation between X-ray luminosity and cluster metallicity found by Sidoli et al. (2001) for the sample of bright Galactic GC sources. It is also interesting to note, that all known Galactic GC X-ray sources have luminosities in the range occupied by the first group (Sidoli et al. 2001) . The whole second group (sources with X-ray luminosities above 10 38 ergs s −1 ) occupies low metallicity region with weighted mean metallicity of −1.12 ± 0.02.
Recent X-ray observations and theoretical work suggest that spectral hardness of the bright LMXB sources in the soft X-ray band (0.1 − 2.4 keV) can depend on the average metallicity of the globular clusters harboring them. The soft X-ray spectra of the sources located in the metal-poor GCs were found to be harder than those of the metal-rich clusters (Irwin & Bregman 1999; Maccarone, Kundu & Zepf 2004) . To demonstrate the effect of cluster metallicity on the intrinsic spectral hardness of the M31 GC X-ray sources, in the right panel of Fig. 17 the spectral power law photon index in the 0.3 − 7 keV energy band for the GC sources from our sample is shown as a function of metallicity of the globular clusters hosting them. As it is seen from Fig. 17 (right panel) , there is a possible correlation of the X-ray spectral hardness and the metallicity. We note however, that it is premature to draw any conclusions on the relationship between the intrinsic spectral parameters of X-ray sources and metallicity of their host clusters, based on a model-dependent presentation of the spectrum measured in the narrow energy band. For example, using a multi-component spectral modeling of the BeppoSAX broad-band data for the bright Galactic GC sources, Sidoli et al. (2001) found a correlation between the temperature of the soft spectral component and a cluster metallicity, opposite to the results obtained in the soft X-ray band with one-component spectral models (Irwin & Bregman 1999) .
ON THE NATURE OF M31 GC X-RAY SOURCES
Several GC X-ray sources observed in M31 have luminosities exceeding 10 38 ergs s −1 , being much brighter than any of the Galactic GC X-ray sources (Table 3) . Four X-ray sources in our sample (##2, 10, 22, 42) have luminosities close to or exceeding a formal Eddington limit for the 1.4M ⊙ neutron star. Nevertheless, such a high luminosities are not uncommon for bright low-mass X-ray binaries containing neutron star primaries. The Z-source subclass of Galactic LMXB is characterized by high Xray luminosities (> 10 38 ergs s −1 ) (Hasinger & van der Klis 1989 ) with two sources, Sco X-1 and GX 5-1, regularly exceeding Eddington limit for a neutron star (Liu et al. 2001) . Recently, Barnard, Kolb and Osborne (2003) found that bright M31 X-ray source, RX J0042.6+4115 with extremely high X-ray luminosity of ∼ 5×10 38 ergs s −1 could be also classified as a neutron star Z-source. On the other hand, among stellar mass black hole X-ray sources, only transients in outburst (Chen, Shrader & Livio 1997) and highly variable systems like GRS 1915+105 (Morgan, Remillard & Greiner 1997) reach luminosities observed for bright M31 GC sources. All bright X-ray sources found in the Milky Way globular clusters show Type I X-ray bursts and probably contain neutron star primaries. Moreover, theoretical calculations predict the probability of finding a black hole X-ray binary in the globular cluster to be much smaller than the neutron star binary due to dynamical effects and extremely low duty cycles of black hole binaries (Kulkarni et al. 1993 , Sigurdsson & Hernquist 1993 , Kalogera, King & Rasio 2004 . The considerations mentioned above, and a general similarity between the M31 and Milky Way globular cluster systems allow us to expect most of the persistent M31 GC X-ray sources to be LMXB systems containing a neutron star primaries. However, the possibility of finding an active accreting black holes in our GC source sample can not be ruled out, based on the current spectral and timing data. For example, the X-ray source RX J0043.2+4127 associated with globular cluster Bo 163 shows a pattern of recurrent transient outbursts and quiescent periods (Fig. 9 ) typical for both neutron star and black hole transient systems. The study of short-term variability of GC X-ray sources in M31 with future missions can provide a definitive answer, if Type I X-ray bursts or X-ray pulsations are observed from these objects. The broad-band long-term monitoring of the transient/highly variable GC sources could also provide valuable information on their spectral evolution helping to establish the nature of these systems.
Some of the M31 GC X-ray sources in our sample might be unresolved composites of separate sources ( Recent high-resolution Chandra observations of the Galactic globular clusters revealed that one of the bright Galactic GC sources is a composite of two X-ray sources of comparable brightness (White & Angelini 2001) . Depending on the probability of finding a bright X-ray source in a GC, we can expect to find 2−4 GC X-ray sources in our sample (or ∼ 5 − 10% of the total number) to be composites of two independent sources (Di Stefano et al. 2002) .
SUMMARY
Utilizing the data of XMM-Newton and Chandra observations, we performed a study of individual and group properties of 43 X-ray sources identified with globular clusters in M31. The correlation between the optical parameters of the host globular clusters and the properties of X-ray sources associated with them was also studied. We compare the individual and group properties of M31 GC X-ray sources with the properties of their Galactic counterparts.
The spectral properties of the bright GC X-ray sources in our sample were found to be similar to that of the LMXB located in the bulge and globular clusters of the Milky Way Galaxy at the same luminosity levels (White, Stella & Parmar 1988; Christian & Swank 1997; Church & Balucinska-Church 2001) . We note, that some GC sources could be unresolved composites of two or even more sources of comparable brightness complicating direct comparison with their Galactic counterparts. For the majority of sources, we obtained acceptable fits using a power law spectral model approximation. However, for several sources with high luminosities, the models with quasiexponential cut-off at ∼ 2 − 8 keV or two-component models describe the energy spectra significantly better than a simple power law. Several sources demonstrate a correlation between the level of X-ray flux and hardness of their energy spectrum similar to the Galactic Z and atoll-sources (Hasinger & van der Klis 1989) . The spectral distribution of M31 GC X-ray sources resembles the corresponding distributions derived for the the central bulge of M31 (Shirey et al. 2001 ) and other nearby galaxies of different morphological type (Irwin, Athey & Bregman 2003) .
There is no evidence that X-ray variability of M31 GC sources and bright Galactic LMXB (both GC and non-GC) differ. We found that ∼ 80% of the sources in our sample with multiple flux measurements available show significant variability on a time scales from days to years. We note, that in some GC X-ray sources the observed variability could be result of superposition of flux variations of several unresolved sources. The X-ray source RX J0043.2+4127 in Bo 163 has been found to show recurrent transient outbursts with peak luminosities above 10 38 ergs s −1 , typical for Galactic recurrent transients that harbor both neutron stars and black holes. Several sources show significant variability on a time scale of individual observations, ranging from aperiodic fluctuations to regular dipping (Bo 158).
The X-ray luminosity function of GC sources is found to be significantly different from that of the other point sources in the bulge and disk of M31 and Galactic GC X-ray sources. The luminosity distributions of the GC Xray sources in M31 and that of the Milky Way have two main differences: i) the peak luminosity of the M31 GC X-ray sources is ∼ 10 times higher than that of the brightest Galactic GC X-ray source; ii) the fraction of the bright sources is much higher for the M31 GC population; ∼ 30% of the GC sources detected in our survey reached the luminosity of 5 × 10 37 ergs s −1 , while only one of 14 Galactic GC sources, X1820-303 (NGC 6624) has luminosity occasionally exceeding this level (Sidoli et al. 2001) .
We found that ∼ 10% of the optically identified GC candidates in the regions of M31, covered by XMM-Newton and Chandra observations, harbor bright X-ray sources with luminosities above 10 35 ergs s −1 . This fraction is comparable to that observed for the Milky Way globular cluster system with 14 bright X-ray sources among known ∼ 150 globular clusters (Verbunt et al. 1995 , Sidoli et al. 2001 , Harris 1996 . In addition, the fraction of M31 GCs that contain X-ray sources with luminosities above ∼ 10 37 ergs s −1 (∼ 5%) appears to be consistent with that derived for a large sample of galaxies of different morphological type (Sarazin et al. 2003) .
The inferred isotropic X-ray luminosities of the GC sources lie between ∼ 10 35 and ∼ 10 39 erg s −1 in the 0.3−10 keV energy band. Six persistent sources (or ∼ 14% of the total number) have luminosities steadily exceeding 10 38 erg s −1 , and three other sources occasionally exceed that luminosity level. Four X-ray sources in our sample (##2, 10, 22, 42) have luminosities close to or exceeding the Eddington limit for the 1.4M ⊙ neutron star. Our observations indicate that GC sources make dominant contribution to the bright source counts in the areas of M31 covered by the survey: ∼ 40% of the total number of sources with luminosities above 10 37 ergs s −1 reside in GCs. The fraction of the GC X-ray sources rises to 67 − 90% if one considers source luminosities above 10 38 erg s −1 . The contribution of the GC sources to the total number of bright sources found in M31 is much higher (by factor of > 4) than in the Milky Way galaxy. On the other hand, there is a surprising similarity between the fractions of bright GC X-ray sources in M31 and in the early-type galaxies (Angelini, Loewenstein & Mushotzky 2001 , Kundu, Maccarone, & Zepf 2002 .
The distribution of radial distances of GC X-ray sources from the center of M31 shows that brightest systems with luminosities steadily exceeding 10 38 erg s −1 reside at greater galactocentric distances than the rest of the GC sources.
We used the results of optical observations of M31 GC candidates to study how the properties of the X-ray sources depend on the optical properties of the globular clusters hosting them. We found that globular clusters hosting bright X-ray sources tend to be optically brighter and more metal rich than the rest of M31 globular clusters, in agreement with previous studies (Bellazzini et al. 1995 , Di Stefano et al. 2002 . The comparison of the Xray properties of GC sources with metallicity of their host globular clusters has shown that the brightest sources with luminosities above ∼ 10 38 ergs s −1 tend to reside in more metal poor clusters than the fainter sources.
The remarkable similarities between the properties of the M31 GC X-ray sources and that of the Galactic neutron star LMXBs allow us expect most of the persistent M31 GC X-ray sources to be LMXB systems with neutron star primaries. We note, however, that current X-ray spectral and timing data can not rule out the possibility of finding an active accreting black holes in our GC source sample. The study of short-term variability and broadband spectral evolution of GC X-ray sources in M31 with future missions can provide valuable information allowing to establish the nature of these systems.
In conclusion, we note that in spite of the similarities of the spectral shape and variability patterns of individual M31 GC X-ray sources and Galactic LMXBs (both GC and non-GC), the group properties of M31 and Milky Way globular cluster X-ray sources differ significantly. The M31 GC source population has a much higher fraction of bright X-ray sources and higher peak luminosity than the Milky Way GC population, probably suggesting different formation histories and evolution. The large fraction of GC systems among the bright X-ray sources in M31 makes the M31 population of GC X-ray sources more like giant early-type galaxies than the Milky Way.
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